Introduction
Paroxysmal nocturnal hemoglobinuria (PNH), a prototypical disease of hematopoietic stem cells, is characterized by the clinical triad of intravascular hemolysis, thrombophilia, and bone marrow failure (1) . While clonal, PNH has not been considered a malignancy. However, PNH does exhibit similarities to myelodysplastic syndrome (MDS), a chronic preleukemic myeloid neoplasm, including clonal hematopoiesis, persistence of an aberrant stem cell clone, and frequent derivation as a late complication of immune-mediated aplastic anemia (AA). The presence of a singular somatic mutation of the PIGA gene in hematopoietic stem cells leads to the defective biosynthesis of glycophosphatidylinositol (GPI) anchors, resulting in the deficiency and absence of GPI-anchored proteins on the cell surface, a hallmark of the PNH phenotype (2) . These phenotypic features of affected PNH stem cells are believed to be responsible for an extrinsic growth advantage, which occurs in the context of immune-mediated hematopoietic suppression of hematopoiesis, as seen in AA (3) . While immune privilege leading to clonal escape is plausible, it does not completely explain the evolution of PNH. Various observations suggest that intrinsic factors are also involved. For example, PNH often persists for many years after successful immunosuppression in AA, or PNH can present in a pure form without AA. Furthermore, the detection of tiny PIGA mutant clones in healthy individuals suggests a need for additional putative intrinsic factors that promote the expansion of GPI-deficient cells within the hematopoietic compartment (4, 5) . These factors may include secondary genetic events such as somatic mutations. In support of this hypothesis, chromosomal abnormalities in the form of microdeletions involving the PIGA locus have been identified in a small proportion of cases of otherwise classical PNH (6, 7) . Occasional clonal chromosomal abnormalities and somatic mutations including NRAS and JAK2 mutations have also been reported in PNH (8, 9) , supporting the notion that PIGA mutations and additional somatic events correlate with each other and may be responsible for maintenance and expansion of the PNH clone.
Recently, the application of next-generation sequencing (NGS) to study malignant clonal diseases has revealed clonal architecture at a much higher level of complexity than previously anticipated, demonstrating both the stepwise acquisition of mutations and expansion of the most permissive subclones. In this study, we present data from whole-exome sequencing (WES) of clonal (GPI-deficient) and nonclonal cells from PNH patients to examine the mutational history of PNH. We hypothesized that the evolution of a PNH clone may be associated with additional somatic mutational events and that such events may be either of an ancestral or a facilitating nature. These additional somatic mutations, if present, may help to further clarify the mechanism of clonal expansion and persistence of the mutated PNH stem cell, as well as explain the clinical diversity of PNH and distinct behavior of the PNH clones. Our data suggest that PNH, a nonmalignant yet clonal disorder, displays clonal architecture in a manner similar to that of leukemia (10, 11) .
Paroxysmal nocturnal hemoglobinuria (PNH) is a nonmalignant clonal disease of hematopoietic stem cells that is associated with hemolysis, marrow failure, and thrombophilia. PNH has been considered a monogenic disease that results from somatic mutations in the gene encoding PIGA, which is required for biosynthesis of glycosylphosphatidylinisotol-anchored (GPI-anchored) proteins. The loss of certain GPI-anchored proteins is hypothesized to provide the mutant clone with an extrinsic growth advantage, but some features of PNH argue that there are intrinsic drivers of clonal expansion. Here, we performed whole-exome sequencing of paired PNH + and PNHfractions on samples taken from 12 patients as well as targeted deep sequencing of an additional 36 PNH patients. We identified additional somatic mutations that resulted in a complex hierarchical clonal architecture, similar to that observed in myeloid neoplasms. In addition to mutations in PIGA, mutations were found in genes known to be involved in myeloid neoplasm pathogenesis, including TET2, SUZ12, U2AF1, and JAK2. Clonal analysis indicated that these additional mutations arose either as a subclone within the PIGA-mutant population, or prior to PIGA mutation. Together, our data indicate that in addition to PIGA mutations, accessory genetic events are frequent in PNH, suggesting a stepwise clonal evolution derived from a singular stem cell clone.
Deep sequencing reveals stepwise mutation acquisition in paroxysmal nocturnal hemoglobinuria Wenyi Shen, 1,2 Michael J. Clemente, 1 Naoko Hosono, 1 Kenichi Yoshida, 3 Bartlomiej Przychodzen, 1 Tetsuichi Yoshizato, 3 Yuichi Shiraishi, 4 Satoru Miyano, 4, 5 Seishi Ogawa, 3 Jaroslaw P. Maciejewski, 1 and Hideki Makishima 1 found, and 1 case (PNH45) contained 3 mutations (Table 2 and representative patients depicted in Figure 1C and Supplemental Figure 1 ). In an index female PNH case (PNH1), the somatic nature of 2 PIGA mutations (p.G68E and intron 5 splice site) was confirmed, since deep sequencing indicated that both were confined to the PNH fraction ( Figure  1C ). The 2 mutations were located 431 nucleotides apart, and bacterial subcloning analysis demonstrated that they were not present in the same clone ( Figure 1D ). Two independent experiments involving Sanger sequencing of single colonies further validated the biclonal nature of the 2 PIGA mutations, as no colony contained both mutations ( Figure 1E ). Deep sequencing provided variant allelic frequencies (VAFs) of 18% (p.G68E) and 12% (intron 5 splice site) with a corresponding clonal size of 36% and 24%, respectively, as the mutations were heterozygous. Overall, in each of the 6 PNH cases with 2 or more PIGA mutations, we identified 2 (or 3) independent PNH clones with 1 unique PIGA mutation per clone, and all were codominant. In total, 9 of 12 (75%) WES, 9 of 10 (90%) targeted deep sequencing, and 15 of 36 (42%) Sanger sequencing cases were positive for PIGA defects, including 3 nonsense, 21 frameshift, 5 missense, and 11 splice site mutations (Figure 2A ). One WES case and an additional 2 cases contained a microdeletion involving the PIGA locus (delXp22.2, spanning an average of 559 kb, range 506-616 kb) as detected by SNP array. These microdeletions were confined to PNH cells and were not found in non-PNH fractions. In summary, we were able to detect either PIGA mutations or microdeletions in 60% (36 of 60) of patients studied, with 3% (1 of 36) triclonal, 14% (5 of 36) biclonal, 75% (27 of 36) monoclonal, and 8% (3 of 36) microdeletions ( Figure  2B ). We found no mutations or microdeletions in 40% (24 of 60) of the cases studied, with Sanger sequencing demonstrating a much lower detection rate than WES or targeted deep sequencing. Flow cytometric analysis of PNH clone size using Alexa 488 Proaerolysin Variant (FLAER) indicated that the only patient with 3 PIGA mutations also had a significant (>3%) wbc type II PNH clone ( Figure 2C ). Based on the evolution of PNH clone size as assessed longitudinally by flow cytometry in patients with at least a 4-year follow-up and a detected PIGA mutation (n = 16), the vast majority of patients tended to equilibrate at a clone size greater than 80% of all leukocytes regardless of the nature of the PIGA mutation ( Figure 2D ).
Additional somatic mutations in PNH. In addition to the pathognomonic PIGA mutations, 21 somatic mutations in 21 other genes were found in 83% (10 of 12) of cases tested by WES ( Table 2 ). All of these mutations were confirmed by independent testing using both Sanger and targeted NGS. In contrast to what would be expected from a benign condition, the number of such novel gene mutations other than PIGA ranged between 0 and 6 per case, with an average of 2 additional events. In an index case of PNH with thrombocytosis (PNH1), we detected a novel somatic heterozygous mutation primarily in the PNH fraction in the NTNG1 gene ( Figure 1C ). While NTNG1 mutations or dysregulation of receptor ligand inter-
Results
Mutational search using WES. We analyzed a total of 60 patients with PNH (Table 1 ). After immunomagnetic sorting of wbc into PNH (CD59 -) and non-PNH (CD59 + ) fractions, we verified purity by flow cytometry (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI74747DS1) and performed WES on 12 patients. Application of a bioanalytic algorithm designed to detect somatic mutations led to the selection of a total of 107 nonsilent alterations (98 were single nucleotide variants [SNVs] and 9 were indels). Through validation by Sanger sequencing and targeted deep NGS of candidate alterations (61 genes, Supplemental Table 2 ), we confirmed the presence of 38 somatic events in a total of 31 genes in PNH-derived DNA. The average coverage of exome sequencing and targeted deep NGS was 103 times and 316 times, respectively. Our stringent bioanalytic platform favored avoidance of false-negatives, and, consequently, the accuracy of the initial calling algorithm was 22% for SNVs and 89% for indels. In addition to 3 cases with Xp22.2 PIGA microdeletions, we identified a total of 31 missense, 8 nonsense, 26 frameshift, and 13 splice site mutations in cases analyzed by WES (n = 12) and targeted (n = 36) NGS sequencing ( Table 2) .
PIGA mutations and deletions. We detected somatic PIGA mutations (3 SNVs and 10 indels) in the PNH fractions of 9 of 12 cases analyzed by WES, while paired non-PNH CD59 + DNA samples were negative, although a small cross-contamination artifact was detected in some samples. For example, in PNH patient 5 (PNH5), we identified a single splice site mutation with a high variant allelic frequency in sorted PNH + (CD59 -) cells that was generally absent in normal (CD59 + ) cells ( Figure 1A ). To further explore the frequency of PIGA mutations in our cohort aside from the WES cases (n = 12), we used Sanger sequencing (n = 36) and targeted PIGA (n = 10) deep sequencing. Overall, PIGA mutations were detected in 60% (36 of 60) of patients ( Table 2) . As reported previously in the literature (12) , some PNH patients harbor more than 1 PIGA mutation. In 14% (5 of 36) of PIGA-mutated cases, 2 independent mutations were also discovered, albeit at a lower frequency than that of the PIGA mutations ( Figure 1A ). Clonogenic assays were used to determine whether the mutations were independent (biclonal) or co-occuring (subclonal, Figure 1B ). In this case, all colonies were either wildtype or had both mutations. Taken in context with allelic frequency data indicating that the KDM3B mutation was present at a lower frequency than the PIGA mutation, these results suggest that the PIGA mutation was the initial event.
Our first indication that a PIGA mutation may not always be the initial event in PNH came during our analysis of the WES data from PNH1. VAF of the NTNG1 mutation (18.3%) was slightly greater than that of either of the PIGA mutations (18% vs. 12%) detected ( Figure 1C ), prompting subcloning and single-colony sequencing experiments to determine the clonal composition of the observed mutations. These experiments confirmed the suspicion that the NTNG1 mutation preceded the PIGA intron 5 splice site mutation, as we observed a number of colonies with a NTNG1 mutation but without a PIGA mutation ( Figure 1C ). Furthermore, no colonies demonstrated the presence of a PIGA intron 5 splice site mutation in the absence of a concurrent NTNG1 mutation, leading to our current understanding of clonal architecture in this patient ( Figure 1D ), who clearly has 2 independent PIGA mutations, one of which evolved as a secondary event subsequent to the initial NTNG1 alteration.
actions have been described in various disorders including colorectal cancer (13) (14) (15) (16) , the p.P24S mutation has not been previously reported. Other somatic mutations discovered in PNH include those in TET2, MAGEC1, BRPF1, KDM3B, and STAC3 genes, all found in the PNH fraction and not in phenotypically normal cells ( Table 2 ). All of these mutations were heterozygous without loss of heterozygosity (LOH) encompassing the affected gene locus. To assess whether these gene mutations were frequently recurrent in PNH, we screened an additional 36 cases by targeted deep sequencing, including a variety of genes (n = 61) that are frequently affected in MDS (Supplemental Table 2 ). In addition to 2 somatic homozygous JAK2 (p.V617F) mutations, both of which were present in PNH cases with microdeletions of Xp22.2, SUZ12, DHX29, MECOM, BCOR, U2AF1, ASXL1, BRCC3, ETV6, KDM6A, NTNG1, BRPF1, MAGEC1, CCR9, ALDH1B1, WDR96, TMC1, CPD, NRXN3, CELSR1, KDM3B, STAC3, SLC20A1, MUC7, RBP3, C11orf34, MAN1A2, PEX14, SYNE, and FBN1 mutations were found in a single PNH case each, with RIT1 and MECOM in 2 cases and TET2 in 3 cases, one of which harbored 2 different TET2 mutations ( Table 2) .
Clonal architecture. In order to evaluate the clonal composition of each patient, we used single-colony sequencing assays, bacterial subcloning, and analysis of VAF data obtained from targeted deep sequencing. For example, in PNH5, a KDM3B mutation was including MAGEC1 and BRPF1 mutations, were found and independently confirmed. Comparison of VAFs obtained through targeted deep NGS revealed that the corresponding clonal size for the MAGEC1 mutation was at least comparable to, if not larger than, that of the largest PIGA mutation, suggesting that the initial event may not have been a PIGA mutation, but indeed a MAGEC1 mutation (Supplemental Figure 1) . In PNH9, we found that the initial event that may be either a malignant or a passenger mutation, again was not a PIGA mutation, but a novel mutation in MAN1A2, which was followed by the appearance of 2 PIGA mutations, thus creating 2 independent clones, both of which carried the original MAN1A2 mutation. In a somewhat similar case (PNH10, Supplemental Figure 2 ), somatic SYNE2 and PEX14 gene mutations were the initial events, followed by a PIGA frameshift mutation and an additional FBN1 mutation. Perhaps the most complex case, PNH3, demonstrated 7 somatic gene mutations that were all confined to the PNH fraction; single-colony sequencing confirmed that the PIGA mutation occurred after 2 other clonal mutations had already been acquired (TMC1 and WDR96) and, again, was not the initial event (Supplemental Figure 3 ). In addition to the detection of concomitant mutations within the PNH clone, we found somatic events that predated the PIGA mutations and were present in both PNH and non-PNH myeloid fractions but not in germline DNA derived from T cells. These mutations included TET2, SUZ12, and JAK2. In PNH6, we observed concomitant TET2 and STAC3 mutations. However, mutant fractions were larger than those of the PIGA mutant, and the TET2 mutation was also present in the non-PNH fraction, which, in turn, was negative for STAC3 and PIGA mutations (Supplemental Figure 4 ). These results indicate that PNH, in this case, As we continued our analysis of the data, it became evident that additional mutations further increase the complexity of clonal architecture in PNH. In an illustrative case (PNH8), we identified 1 PIGA mutation and an additional 3 somatic mutations (C11orf34, RBP3, MUC7; Figure 3A ). Again, based on targeted deep NGS and singlecolony sequencing ( Figure 3B ), we deduced that the PIGA mutation constituted an initial ancestral event followed by subclonal defects in 3 other genes ( Figure 3C ). The diversity of clonal architecture in PNH became apparent when more cases were analyzed. In PNH2, another case with 2 PIGA mutations, additional somatic events evolved as a subclone after a clonal TET2 mutation was acquired. However, in the bone marrow of another case (PNH3), we identified dysplastic changes along with trisomy 8 in 20 of 20 metaphases. FISH analysis resolved the origin of the trisomy 8, which was present only in the non-PNH fraction (data not shown). These results suggest that PNH in patient 3 evolved independently of the acquisition of trisomy 8.
Overall, our clonal analysis of 9 WES cases suggested that PIGA mutations were often acquired at a later stage (6 of 9 cases, Table  2 ), and mutations in other genes were the initial clonal events. Of note is that in a number of cases, the clonal composition showed significant overlap, preventing precise recapitulation of clonal hierarchy. In summary, our experiments indicate that the cohort can be stratified into 4 different scenarios ( Figure 4) : PIGA as the initial ancestral event accompanied by secondary mutations (Figure 4B , patients 5 and 8); PIGA as an event secondary to other mutations ( Figure 4C , patients 1, 2, 6, 7, 9, and 10); PIGA as the lone mutation ( Figure 4D , patients 17, 19, 25, 26, 31, 34, 40, 41, 52, and 53) ; and a PIGA mutation coexisting with other mutations responsible for the development of an MDS clone ( Figure 4E, patient 3) .
Clinical correlations. The discovery of additional somatic mutations in PNH prompted further investigation into the potential clinical impact these mutations may have. Analysis of various relevant clinical parameters with regard to the presence (n = 24) or absence (n = 26) of an additional mutation largely failed to find significant differences (Table 3 ). However, the presence of an additional mutation beyond PIGA was associated with a larger wbc PNH clone size as assessed by flow cytometry (P = 0.04; Table  3 ). Furthermore, based on the instructive discovery that PNH45 harbored 3 PIGA mutations (triclonal PNH) and a relatively large PNH type II wbc population ( Figure 2C ), we hypothesized that the presence of more than 1 PIGA mutation leads to the presence of both type II and type III PNH cells. Indeed, patients with more than 1 PIGA mutation had a higher incidence of a type II wbc population of greater than 3% than those with only 1 mutation (4 of 5 vs. 4 of 12, respectively; P = 0.048, data not shown).
Discussion
One of the discoveries of cancer NGS projects was the realization of genetic heterogeneity due to a combination of somatic mutations and the complexity of clonal architecture reflective of the sequential acquisition of genetic defects (11, (17) (18) (19) (20) (21) . While general principles of clonal dynamics have been derived from the study of leukemia, they have not been explored in nonmalignant diseases such as PNH. The results of our study lead to a conceptual understanding of this disease: PNH is subject to clonal dynamics and selection forces similar to those observed in hematopoietic neoplasms. Consequently, in PNH, additional clonal and subclonal mutations corroborate with the pathognomonic PIGA mutation responsible for the prevailing cell phenotype. An important conclusion of this new concept is that the nature and composition of additional clonal somatic mutations may modify the behavior of the PIGA clone and have the potential to explain various distinct clinical courses seen in individual PNH patients. Thus, the analogy to MDS is apparent with multiple mutations that arise within the clonal population and undergo clonal selection along with PIGA mutations. Furthermore, the mutational events discovered in our research are not unique to PNH, but overlap significantly with the spectrum of mutations seen in typical MDS. Many of these mutations, or other mutations in the same genes, have been identified as key drivers of clonal evolution in MDS or cancer, including U2AF1 (22, 23) , TET2 (2, 24), MAGEC1 (25), BRPF1 (26), NRXN3 (27) , KDM3B (28), SLC20A1 (29), MUC7 (30), PEX14 (31), FBN1 (32), SUZ12 (33), ASXL1 (34), BCOR (35), DHX29 (36), MECOM (37), RIT1 (38) , and JAK2 V617F (39). In some ways, PNH appears genetically similar to, but pathogenetically distinct from, MDS. While additional mutations have been described in PNH (6), our results illustrate for the first time in a large PNH cohort that genetic clonal selection and evolution may be operative not only in malignant conditions, but also in otherwise benign hematologic diseases.
Our stringent bioanalytic approach has led to effective exclusion of germline variants based on comparatively similar high VAFs in both experimental and control fractions. If variant reads that derived from clonal mutations were present in the CD59 + cell population due to contamination, their VAF was low and was correspondingly high in the PNH + population. As such, this would be incompatible with germline alterations, which would be expected to oscillate around 50% of reads in both fractions. With this in mind, all of the mutational events we report in this article are exclusively somatic. While we found that some mutations had similar VAFs in both fractions, they were clearly somatic, since the VAF was much lower than would be expected in heterozygous germline variants. In such situations, we verified the absence of the mutation in the CD3 + fraction and concluded that the PIGA mutation arose in the context of a preexisting clone. Future prospective studies would benefit from the use of nonhematopoietic tissue to clarify the mutational spectrum in PNH, as it is possible that some pre-PIGA mutations were excluded due to their presence in the entire hematopoietic compartment.
Our study, while showing that intrinsic somatic factors may contribute to clonal expansion, is also consistent with the immune selection theory of the evolution of PNH. Multiple independent clones characterized by PIGA mutations illustrate that a growth advantage may promote selection of several privileged clones, which in the process of disease may be further enabled by subsequent somatic events or by primordial passenger events in the ancestral stem cell affected by PIGA mutations. Phenotypically, this intraclonal diversity may not be easily distinguishable, although we have identified a significant relationship between the presence of both type II and type III PNH cells in patients with more than 1 PIGA mutation, supporting previous research (40) . Nevertheless, our results suggest that deep targeted NGS of PIGA may have ancillary diagnostic potential in PNH, including quantitating the clonal size and composition of aberrant cells, yet flow cytometry remains the most effective diagnostic method, as we failed to detect PIGA mutations in 3 of 12 cases by WES, 1 of 10 by targeted deep sequencing, and 21 of 36 by Sanger sequencing. Other genes in the biosynthetic pathway, including all other PIG genes such as PIGT (41), were examined in WES cases, but no lesions were found, raising the possibility that intronic mutations may lead to the loss of GPI anchors on the cell surface. Furthermore, the high failure rate of Sanger sequencing could be due to a number of reasons including small clone size, intronic mutations, or micro/large deletions only detectable by SNP array.
At the onset of our study, we postulated several theoretical possibilities as to the clonal architecture of PNH: (a) PIGA gene defects are the initial ancestral events, and other mutations are acquired subsequently, similar to the situation in MDS; (b) other initial somatic events are followed by PIGA mutations constrained within and completely overlapping the PNH clone, suggesting that the initial non-PIGA events are passenger mutations; (c) secondary PIGA mutations arise in the context of other clonogenic mutations that are present in both PIGA mutant and wild-type cells; and (d) both myelodysplastic and PNH clones independently coexist. While PIGA mutations appear to be the initial event in many cases, we identified concomitant somatic mutations in a large proportion of PNH patients. In such cases, subsequent subclonal events can occur and are similar to those present in more aggressive hematologic malignancies. In cases in which the preceding clonal mutation was found but was limited to the PNH fraction, one could suggest that a passenger mutation was clonally "fixed" by the subsequent PIGA event. However, in some cases, permissive leukemogenic effects appeared to be instigated by mutations in JAK2, TET2, or STAC3, suggesting that these primary events arose, conveying an initial growth advantage, with a PIGA mutation as a subclone conveying an additional growth advantage. In particular, the presence of 2 cases with "myeloproliferative" JAK2 mutations suggests that the propensity toward clonal proliferation may be further modified by the presence of PIGA defects and that JAK2 mutations in concert with PIGA mutations lead to a markedly different phenotype than that of a myeloproliferative neoplasm (MPN). In addition, there were a significant number of cases in which PIGA was the lone mutation, although WES data suggest that this may be less frequent when entire exomes are analyzed.
Regardless, in many cases, the subclonal or clonal occurrence of associated mutations resembles the typical architecture of MDS (10). We and others have previously described additional somatic events in PNH patients demonstrating that even PIGA Figure 3 . PIGA mutation as the initial ancestral event in PNH8. (A) A PIGA mutation together with 3 other somatic mutations (C11orf34, RBP3, and MUC7) were detected via WES at various allelic frequencies. All mutations were confined to the PNH fraction. Of note is that, in this case, the PIGA mutation was hemizygous, rendering the clone size equivalent to the allelic frequency. (B) Single-colony Sanger sequencing further confirmed the results obtained from deep sequencing and suggested that a PIGA mutation was the initial event. n = the number of colonies with the indicated mutations observed. Colonies that were not reproducible in independent experiments are not shown. (C) Proposed model of clonal architecture in this case based on VAFs and colony sequencing results. jci.org Volume 124
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to be aided by the presence of additional mutations. Depending on the permissivity of additional genetic events, the PIGA mutant clone may expand quickly, smolder, or disappear. This heterogeneous scenario would also be consistent with a relative lack of correlation between immunosuppression and the size of the clone, which may be driven under some circumstances by additional subclonal events. Our results suggest that future investigations into PNH will offer the opportunity to examine the implications of hematopoiesis sustained primarily by 1 or 2 mutated stem cells, with many cases demonstrating an accumulation of additional mutations that may be due to an increase in the self-renewal burden placed on stem cells as a consequence of the disease.
Methods
Patients. Bone marrow aspirates and/or blood samples were collected from 60 patients with PNH at the Cleveland Clinic. Diagnosis was confirmed and assigned according to the guidelines for the diagnosis and management of PNH (42) . Cytogenetics and SNP arrays. Cytogenetic analysis was performed according to standard banding techniques based on 20 metaphases, if available. Technical details regarding sample processing for SNP array (SNP-A) assays were previously described (43, 44) . Affymetrix 250K and 6.0 kits were used. A stringent algorithm was applied for the identification of SNP-A lesions. Patients with SNP-A lesions concordant with metaphase cytogenetics or typical lesions known to be recurrent required no further analysis. Changes reported in our internal or publicly available (Database of Genomic Variants; http://projects.tcag.ca/ variation) copy number variation (CNV) databases were considered nonsomatic and excluded. Results were analyzed using CNAG version 3.0 (20) or Genotyping Console (Affymetrix). All other lesions were confirmed as somatic or germline by analysis of CD3-sorted cells (45) .
WES. WES was performed as previously reported (46) . Briefly, tumor DNA was extracted from patients' bone marrow or peripheral blood mononuclear cells. DNA was obtained from paired CD59-positive and -negative cells. Whole-exome capture was accomplished based on liquid-phase hybridization (SureSelect; Agilent Technologies) according to the manufacturer's protocol. The SureSelect Human All Exon 50 Mb kit was used for 12 cases. The captured targets were subjected to massive sequencing using Illumina HiSeq 2000 according to the manufacturer's instructions. The raw sequence data were processed through the in-house pipeline constructed for whole-exome analysis of paired cancer genomes at the Human Genome Center, Institute of Medical Science, The University of Tokyo, and are summarized in a previous report (46) . Data processing was divided into 2 steps: (a) generation of a BAM file (http://samtools.sourceforge.net/) for paired normal and tumor samples for each case, and (b) detection of somatic SNVs and indels by comparing normal and tumor BAM files. Alignment of sequencing reads on hg19 was visualized using Integrative Genomics Viewer (IGV) software (http://www.broadinstitute.org/igv/) (47) .
Targeted deep sequencing and Sanger sequencing. We applied targeted exon sequencing to the validation of WES results as previously described (46, 48) . Briefly, the number of reads containing SNVs and indels in both tumor and reference samples was determined using SAM tools, and the null hypothesis of equal allele frequencies in PNH and non-PNH samples was tested using the 2-tailed Fisher's exact test. A variant was adopted as a candidate somatic mutation if it had a P value mutation-negative cases were clonal (6) (7) (8) . The inability to detect significant recurrent additional mutations may be due to the relatively small cohort and surprising diversity discovered in this study. Nevertheless, our results suggest that an obligatory secondary event does not occur in PNH, yet PNH clonal expansions appear 
